In Escherichia coli cells carrying wild-type ovalbumin cDNA, some of the recombinant protein was secreted into the periplasmic space. In contrast, a signal-region mutant form of ovalbumin (deletion, Gly 1 to Ala 39 ) was not detected in the periplasm despite being synthesized at the same level as the wild-type protein. Chemical and spectroscopic analyses showed that periplasmic ovalbumin assumes a conformation indistinguishable from that of native egg white ovalbumin. We concluded that a process resembling the secretion of ovalbumin process in the oviduct occurs also in bacteria.
The biogenesis of secretory proteins in eukaryotes involves their translocation across the membrane of the endoplasmic reticulum. This process is evolutionarily related to protein translocation into the periplasm of prokaryotic cells. 1, 2) In both, secretory proteins are generally synthesized as precursors with N-terminal signal sequences that are removed during translocation. As exceptions, however, ovalbumin 3) and several other serpin proteins, such as plasminogen activator inhibitor type 2, 4) squamous cell carcinoma antigen, 5) and monocyte W neutrophil elastase inhibitor 6) are secreted without cleavage of N-terminal peptide sequences; these proteins have been grouped into Ov-serpin, a subfamily of the serine protease inhibitor (serpin) superfamily. 7) According to secretion analysis of a Xenopus oocyte expression system, 8) ovalbumin secretion involved an uncleaved internal signal in a hydrophobic region comprising theˆrst 22 to 41 amino-terminal residues. That study 8) also points out the importance of amino acid residues 9 to 21 for the completion of ovalbumin translocation through membranes. It is an interesting question whether ovalbumin is secreted into the periplasm of prokaryotic cells. Previous reports have shown that recombinant ovalbumin polypeptide can be secreted into the periplasmic space of Escherichia coli. The expression plasmid used included 19 residues at the N-terminal extension that were derived from b-galactosidase, 9) or, there was loss of four residues of the original N-terminus of ovalbumin as well as an extension of nine residues from bgalactosidase. 10, 11) Conformational analysis of the periplasmic protein was not done in previous studies. Nor was the involvement of the internal signal sequence in periplasmic secretion examined.
Here, we constructed an E. coli expression system of the full length of ovalbumin without any prokaryotic signal sequence for secretion, 12) and analyzed the periplasmic secretion of intact ovalbumin.
13) The ovalbumin gene corresponding to the amino acid residues 1-385 was inserted into an expression vector, pET3d. We constructed another expression system that lacked the amino acid residues from Gly 1 to Ala 39 ( D1-39) as follows: a cDNA fragment that corresponded to Met 40 -Pro 385 of ovalbumin was excised from pCR1ov2.1 by double-digestion with NcoI and HindIII and inserted into the expression vector pET3d. The expression system of R339T was produced as described elsewhere. 14, 15) E. coli cells harboring the expression vector containing the ovalbumin gene was cultured in 4 ml of Luria-Bertani medium at 379 C for 16 h. The cultured cells were collected by centrifugation and then fractionated into the periplasmic and cytoplasmic fractions by osmotic shock.
16) The success of this fractionation was conˆrmed by assays for marker enzymes: periplasm-speciˆc alkaline phosphatase 17) and cytoplasm-speciˆc b-galactosidase.
18) Table 1 summarizes the values corresponding to 1 liter of the original unfractionated culture. Alkaline phosphatase activity in the wild-type ovalbumin expression system was 0.51 unit for the periplasmic fraction, but 0.01 unit for the cytoplasmic fraction. In contrast, for bgalactosidase, 5.7 and 72.9 units of activities were detected in the periplasmic and cytoplasmic fractions, respectively. The cellular distribution of the mutant ovalbumin resembled that of these two marker enzymes. These results indicated that the cellular fractionation worked as expected for all three expression system. The fractionated samples were analyzed by SDS-PAGE 19) and by western blotting 20) with antiserum to ovalbumin. The amount of the visualized proteins was estimated with the software NIH Image (version 1.60). The recombinant ovalbumin (R339T) was secreted into the periplasmic space, and amounted to about 25z of the total protein expressed. In contrast, no periplasmic secretion was observed for the N-terminal deletion mutant, ovalbumin ( D1-39) ; the total expression level was almost the same as the wild-type protein. This deletion mutant lacked most of the signal region (9-21 and 22-41) needed for secretion of ovalbumin in the oviduct. It is likely that the internal signal sequence of ovalbumin also works in the bacterial periplasmic secretion system.
Ovalbumin is a member of the serine proteinase inhibitor superfamily, because of similarities in their primary and tertiary structures, 21, 22) and because they are cleaved at the P1-P1? site by serine proteinase. 23) We recently found by X-ray crystallography that the mutant ovalbumin R339T but not the wild-type ovalbumin undergoes a large-scale conformational transition into the thermostabilized and loop-inserted form following the cleavage at the P1-P1? site. 14) We examined whether this diŠerence between wild-type and mutant ovalbumin has some eŠect on the periplasmic secretion. The results in Table 1 showed that the eŠects of the mutation, if any, are small; the amount of secreted ovalbumin was only slightly larger for R339T than the wild-type protein.
In an investigation of the structural characteristics of periplasmic ovalbumin, the periplasmic fraction was prepared as described before. 16) Fractionation was checked by the marker-enzyme assay. Ovalbumin was puriˆed from the periplasmic fraction by anion-exchange chromatography with Q-Sepharose HP and Mono Q columns (Amersham Pharmacia Biotech., Tokyo, Japan) as described previously. The N-terminal sequence of the periplasmic ovalbumin was analyzed with a protein sequenator (Procise 492, Applied Biosystems, California). The recombinant protein had two sequences: Gly-Ser-Ile-Gly-and Met-Gly-Ser-Ile-. Theˆrst sequence was consistent with the N-terminus of egg white ovalbumin, 24) except for the lack of N-terminal acetylation, and the second sequence has an additional N-terminal methionine residue compared with egg white ovalbumin. These results show that ovalbumin was secreted into the periplasmic space without signal cleavage of the N-terminal region.
Far-UV CD is a reliable method for evaluation of the secondary structure of ovalbumin, because the ahelix content estimated by this optical method in egg white ovalbumin (30z) 25) is almost exactly the same as the content (30.6z) found by X-ray crystallography. 26) We therefore compared the far-UV CD spectra of periplasmic recombinant proteins with those of egg white ovalbumin. A far-UV CD spectrum of 0.2 mg W ml protein was recorded with a spectropolarimeter (J-720, JASCO) having a cuvette with a 0.2-cm light path. The temperature of the cuvette was kept at 259 C with a circulating water bath. The results were expressed as mean residue ellipticity (degree・cm 2 W dmol) with 111 as the mean residue weight of ovalbumin. The far-UV CD spectrum of recombinant ovalbumin was almost indistinguishable from that of egg white ovalbumin (Fig. 1) , indicating that the periplasmic protein had essentially the same secondary structure as egg white ovalbumin.
Egg white ovalbumin contains three tryptophan residues, Trp 148 in helix F, Trp 184 as the nearest neighbor of the C-terminus of strand 3A, and Trp 267 in helix H. 26) The conformational states of the recombinant proteins were analyzed by the intrinsic tryptophan ‰uorescence spectrum. The ‰uorescence spectrum of ovalbumin was measured with a ‰uorescence spectrophotometer (Model F-3000, Hitachi). The intrinsic tryptophan residues in ovalbumin were excited at 295 nm, and an emission spectrum was recorded at 259 C and at wavelengths from 300 to 420 nm. The ‰uorescence emission spectrum of the periplasmic protein was similar to the spectrum of egg white ovalbumin, which had an emission maximum at 338 nm (Fig. 2) .
In conclusion, our results showed that recombinant ovalbumin was secreted into the bacterial periplasmic space as the native conformer. Secretion of the protein into the periplasm was incomplete, possibly because of ine‹cient translocation in this heterologous expression system or because of a low yield of folding of the protein in E. coli cells. The far-UV CD spectra of periplasmic ovalbumin (solid line) was recorded at a protein concentration of 0.2 mg W ml and at 259 C in 50 mM Tris-HCl buŠer, pH 7.5, containing 1 mM Na-EDTA. In the control experiment, egg white ovalbumin (dotted line) was analyzed in the same way. The tryptophan residues in the periplasmic recombinant ovalbumin (solid line) or in egg white ovalbumin (dotted line) were excited at 295 nm, and the emission spectra were recorded at 259 C. The protein concentration was 0.05 mg W ml in 50 mM TrisHCl buŠer, pH 7.5, containing 1 mM Na-EDTA.
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DiŠerential preference for codons between E. coli and fowls 27) can aŠect the elongation rate 28) and then disturb co-translational translocation events. The absence of a general chaperone in the bacterial periplasmic space 29) may also aŠect the protein folding in comparison with that in the eukaryotic endoplasmic reticulum. Nevertheless, the signiˆcant secretion without signal cleavage suggests that secretion of the protein in this bacterial system takes place via translocation machinery similar to that in hen oviducts.
